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ABSTRACT

Caenorhabditis elegans, a free-living nematode found in soil, has been shown to ingest human enteric pathogens, thereby
potentially serving as a vector for preharvest contamination of fruits and vegetables. A study was undertaken to evaluate the
efficacy of cleaners and sanitizers in killing Salmonella enterica serotype Newport in the gut of C. elegans. Adult worms were
fed nalidixic acid–adapted cells of Escherichia coli OP50 (control) or Salmonella Newport for 24 h, washed, placed on paper
discs, and incubated at temperatures of 4 or 208C and relative humidities of 33 or 98% for 24 h. Two commercial cleaners
(Enforce and K Foam Lo) and four sanitizers (2% acetic acid, 2% lactic acid, Sanova, and chlorine [50 and 200 mg/ml]) were
applied to worms for 0, 2, or 10 min. Populations of E. coli and Salmonella Newport (CFU per worm) in untreated and treated
worms were determined by sonicating worms in 0.1% peptone and surface plating suspensions of released cells on tryptic soy
agar containing nalidixic acid. Populations of Salmonella Newport in worms exposed to 33 or 98% relative humidity at 48C
or 33% relative humidity at 208C were significantly (P # 0.05) lower than the number surviving exposure to 98% relative
humidity at 208C. In general, treatment of desiccated worms with cleaners and sanitizers was effective in significantly (P #
0.05) reducing the number of ingested Salmonella Newport. Results indicate that temperature and relative humidity influence
the survival of Salmonella Newport in the gut of C. elegans, and cleaners and sanitizers may not eliminate the pathogen.

Outbreaks of foodborne illness associated with the con-
sumption of raw or minimally processed fruits and vege-
tables have increased in recent years (4, 15, 20). These
outbreaks have raised interest in determining mechanisms
through which preharvest and postharvest produce becomes
contaminated with enteric pathogens.

Application of animal manure to cropland soil as a fer-
tilizer is not an uncommon practice. Human pathogenic
bacteria have been isolated from soils to which bovine ma-
nure had been applied (12). The microbial profile of the
soil in which fruits and vegetables are grown or come in
contact can have an impact on the postharvest safety and
quality of the produce (5, 16). This was illustrated in out-
breaks of cryptosporidosis and Escherichia coli O157:H7
infection associated with cider made in part from apples
that had fallen from trees before harvest (10, 11, 19). Run-
off water from cattle pastureland may have contaminated
the apples. The skin of tomatoes in contact with soil con-
taining Salmonella can become contaminated with the path-
ogen (14).

Large microbial populations in the soil matrices, such
as those amended with manure, have been reported to at-
tract free-living nematodes (21). Caenorhabditis elegans, a
free-living, microbivorous nematode found in the soil of
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temperate regions, has been reported to ingest E. coli O157:
H7, Listeria monocytogenes (2, 8), several serotypes of Sal-
monella enterica (1, 8, 17), Bacillus cereus (2), and Staph-
ylococcus aureus (24). Depending on environmental con-
ditions, bacteria may persist within the gut of C. elegans
for several days after consumption (1, 17). Releases of
pathogens as a result of rupturing of the cuticle or defeca-
tion are ways that infected nematodes can contaminate the
soil environment. C. elegans can transport ingested patho-
gens to the surface tissues of produce in contact with soil.
Salmonella enterica serotype Poona, placed in soil 1 or 3
cm away from cantaloupe rind, was detected on rind in
contact with the soil containing C. elegans within a shorter
time compared to rind on soil void of the nematode (8).

In general, free-living nematodes are sensitive to des-
iccation. Worms in soil, on the surface of root crops, or on
aerial parts of plants as a result of postharvest handling can
quickly become desiccated. Carcasses of desiccated worms
may harbor viable bacteria that were ingested by the worm
prior to death. The cuticle of a worm may provide a phys-
ical barrier between bacteria resident in the gut and com-
mercial cleaners and sanitizers used to remove soil or de-
contaminate equipment and produce. Salmonellae (7, 9) and
Shigella sonnei (9) have been reported to survive sanitizer
treatments in nematodes. Bacterial cells surviving environ-
mental stresses imposed by desiccation, commercial clean-
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TABLE 1. Treatments evaluated for killing of Escherichia coli
OP50 and Salmonella Newport ingested by Caenorhabditis ele-
gans

Code Treatment Concn pHa

Control

A
Distilled water
Peptone water

100%
0.1%

7.8
6.1

Cleaner

B
C

K Foam Lo
Enforce

100%b

100%b
11.1
12.3

Sanitizer

D
E
F
G
H

Sanova
Acetic acid
Lactic acid
NaOCl
NaOCl

1,200 mg/ml
2%
2%

50 mg/ml
200 mg/ml

2.4
2.4
2.0
6.9
6.9

a pH of a working concentration of the treatment solution at 208C.
b 100% of manufacturers’ recommended working concentration.

ers, and sanitizers may remain on the produce until ingested
by the consumer.

Commercial cleaners and sanitizers used by the pro-
duce industry may contain surfactants to aid in the release
of microorganisms, and perhaps also nematodes, from the
surface of produce. Nematodes may subsequently become
resident in or on produce contact areas such as water baths,
belts, tables, and sorters in processing facilities. Pathogens
from a single worm released onto processing equipment
could theoretically release ingested cells of a pathogen and
contaminate large amounts of produce. The plausibility of
this series of events happening on a commercial level can
be more easily assessed if the effectiveness of cleaners and
sanitizers in killing pathogens ingested by nematodes is
known.

A study was undertaken to determine the effectiveness
of two commercial cleaners and four sanitizers in killing E.
coli OP50 and Salmonella Newport in the gut of C. elegans.
The effectiveness of these treatments in killing planktonic
cells of E. coli OP50 and Salmonella Newport was also
evaluated.

MATERIALS AND METHODS

Maintenance of C. elegans. A wild-type (N2) strain of C.
elegans was used. Worms were maintained on K agar (pH 6.5),
which contains (per liter of deionized water): potassium chloride
(2.36 g), sodium chloride (3.0 g), Bacto Peptone (2.5 g; BBL/
Difco, Becton Dickinson, Sparks, Md.), and agar (17.0 g) (26). E.
coli OP50, an avirulent strain routinely used as a feed source for
C. elegans, was cultured at 378C for 24 h in OP50 broth, which
contains (per liter of deionized water): sodium chloride (5.0 g)
and Bacto Peptone (10.0 g) (6). The K agar was surface inoculated
with 0.1 ml of a 24-h culture of E. coli OP50 and incubated at
378C for 24 h to establish confluent growth. Approximately 50
adult worms were deposited on the surface of K agar and incu-
bated at 208C for up to 3 days prior to transferring worms to a
fresh K agar plate with a 24-h lawn of E. coli OP50 or Salmonella
Newport.

Preparation of C. elegans for enteric pathogen assay.
Three-day-old worms were transferred to a fresh K agar plate on
which a 24-h lawn of E. coli O157:H7 or Salmonella Newport
had grown. The surface of 10 K agar plates, each containing 500
to 1,000 eggs and 30 to 50 adult worms, was washed by depos-
iting 5 ml of sterile K broth (27) and gently rubbing with a sterile
bent glass rod. The suspended eggs and worms were aseptically
transferred to a sterile 15-ml centrifuge tube. The wash and trans-
fer procedure was repeated to enable efficient harvesting of eggs.
Eggs and worms were collected by centrifugation (500 3 g, 2
min), and the supernatant was removed using a pipette. Worms
and eggs in a pellet from pooled suspensions were resuspended
in 10 ml of 0.013 M NaOH solution containing 1% NaOCl (pH
12.97) and incubated at 208C for 15 min to kill all life cycle forms
of the worm except the eggs. The suspension was centrifuged (500
3 g, 2 min), and the supernatant was removed. Worms and eggs
in the pellet were resuspended in 10 ml of K medium and centri-
fuged again. The supernatant was removed, and the eggs and dead
worms were resuspended in K medium. The suspension (0.1 ml
containing 400 to 600 eggs) was deposited on the surface of a K
agar plate on which a lawn of E. coli OP50 had formed and was
then incubated at 208C for 3 days. This procedure ensured that all
worms used in assays were of the same age. Adult worms were

used in assays to confirm that they will ingest pathogenic bacteria
and, once ingested, to determine the efficacy of cleaners and san-
itizers in killing E. coli OP50 and Salmonella Newport in the gut
as affected by temperature and relative humidity.

Preparation of cleaner and sanitizer solutions. Seven
chemical solutions used or having potential for use as cleaners or
sanitizers in the produce industry were evaluated for their effec-
tiveness in killing E. coli OP50 and Salmonella Newport ingested
by C. elegans (Table 1). K Foam Lo (CK Enterprises, Inc., Lee’s
Summit, Mo.), an alkaline ethylene glycol monobutyl ether so-
lution, and Enforce (Ecolab, St. Paul, Minn.), a self-foaming chlo-
rinated alkaline cleaner, were tested at 100% of the manufacturers’
recommended working concentration. Sanova, an acidified sodium
chlorite sanitizer (Alcide Corporation, Redmond, Wash.), and ace-
tic and lactic acids, each at 2%, were evaluated. Chlorine solutions
were prepared by combining sodium hypochlorite (Aldrich Chem-
ical Co., Inc., Milwaukee, Wis.) with 0.05 M potassium phosphate
buffer (pH 6.8). The concentration of free chlorine was measured
by using a DR/820 colorimeter (Hach, Loveland, Colo.). Sterile
distilled water and 0.1% peptone water were used as controls. All
chemical treatment solutions were used within 30 min of prepa-
ration.

Bacteria used and preparation of worms for desiccation
assays. E. coli OP50 (control) and a multidrug resistant strain of
Salmonella Newport were evaluated. Both strains were adapted to
grow in tryptic soy broth (TSB, pH 7.3; BBL/Difco) supple-
mented with nalidixic acid (50 mg/ml) (TSBN). Nalidixic acid–
adapted E. coli OP50 and Salmonella Newport were used to fa-
cilitate their detection on tryptic soy agar (BBL/Difco) supple-
mented with nalidixic acid (50 mg/ml) (TSAN). Sensitive E. coli
OP50 cells remaining on the surface or in the gut of the worm as
a result of feeding before exposure to nalidixic acid–adapted cells
would not be expected to grow on TSAN, but adapted cells would
form colonies. Nalidixic acid–adapted cells were grown in 10 ml
of TSBN at 378C for 24 h. E. coli OP50 and Salmonella Newport
were transferred twice to 10 ml of TSBN by loop inocula at suc-
cessive 24-h intervals. Inoculum (0.1 ml of a 24-h culture) was
surface plated on K agar supplemented with 50 mg nalidixic acid
per ml (KN agar) and incubated at 378C for 24 h to produce a
lawn of cells. Three-day-old adult worms from a synchronized
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culture grown on K agar with lawns of nalidixic acid–sensitive E.
coli OP50 were placed on the surface of KN agar plates individ-
ually containing lawns of E. coli OP50 or Salmonella Newport
and allowed to feed on cells for 24 h at 208C. K medium (10 ml)
was deposited on the surface of plates, and worms and bacteria
were suspended using a sterile glass rod. Suspensions were placed
in sterile 15-ml centrifuge tubes, centrifuged (500 3 g, 2 min),
resuspended in K medium, and centrifuged again. Washed worms
(100 to 200 worms) in 0.5 ml of K medium were placed on the
surface of uninoculated K agar, and the K medium was allowed
to absorb into agar at 208C for 1 h. These worms were used in
assays to test the effectiveness of cleaners and sanitizers in killing
ingested E. coli OP50 and Salmonella Newport.

Atmospheric desiccation of worms and treatment with
cleaners and sanitizers. Relative humidities of 33 or 98% inside
1.7-liter containers were achieved by depositing 300 ml of satu-
rated solutions of magnesium chloride or disodium phosphate, re-
spectively, beneath an elevated surface of a platform on which
inoculated paper discs (6 mm in diameter) would be eventually
placed. Ten worms were removed from the surface of K agar using
a platinum wire, suspended in 5 ml of sterile 0.1% peptone water,
and inoculated onto each disc. Initial populations of test bacteria
were determined by analyzing suspensions of worms before in-
oculating discs. The inoculated discs were placed in containers
with 33 or 98% relative humidity and sealed by applying a lid.
Worms were incubated at 4 or 208C for 24 h before applying a
cleaner or sanitizer treatment and analyzing for populations of test
bacteria. Each disc was aseptically transferred to a sterile 15-ml
centrifuge tube containing 5 ml of sterile distilled water (control),
sterile 0.1% peptone water (control), cleaner, or sanitizer at 208C
(Table 1). After 2 or 10 min, 5 ml of Dey-Engley neutralizing
broth (BBL/Difco) was added to each tube. The disc and water
or treatment solution were sonicated (Sonifier 450, Branson Ul-
trasonics, Danbury, Conn.) using a duty cycle of 25% for 25 s at
218C to rupture the cuticle of C. elegans and release ingested
bacteria. Sonicate was serially diluted in sterile 0.1% peptone and
surface plated (0.1 ml in duplicate) on TSAN containing 0.1%
sodium pyruvate (TSANP). Plates were incubated at 378C for 24
h before presumptive colonies of E. coli OP50 or Salmonella
Newport were counted. Random colonies were confirmed using
API 20E miniaturized diagnostic kits (bioMérieux Vitek, Inc., Ha-
zelwood, Mo.) and the Salmonella latex agglutination assay (FT
0203A; Oxoid Ltd., Basingstoke, Hampshire, UK).

Treatment of planktonic cells with cleaners and sanitiz-
ers. E. coli OP50 and Salmonella Newport were grown in 10 ml
of TSBN at 378C for 24 h and then incubated at 4 or 208C for an
additional 24 h to approximate environmental conditions that cells
ingested by C. elegans were subjected to in studies involving des-
iccated worms. Cell suspensions were centrifuged at 2,000 3 g
for 10 min. Supernatants were decanted, and cells were resus-
pended in 10 ml of sterile 0.1% peptone water. Centrifugation and
resuspension of cells were repeated two times before treating with
distilled water (control), cleaners, or sanitizers as described above,
with the exception that sonication was omitted. Undiluted and
diluted suspensions of control and treated cells were spread plated
on TSANP agar and incubated at 378C for 24 h. Presumptive
colonies of E. coli OP50 and Salmonella Newport were enumer-
ated and confirmed as described above.

Statistical analysis. Each experiment was replicated three
times. Data were analyzed using the General Linear Models pro-
cedure of SAS (Statistical Analysis Systems Institute, Cary, N.C.).

Significant differences (P # 0.05) between mean values were de-
termined using Duncan’s multiple range test.

RESULTS AND DISCUSSION

Effectiveness of cleaners and sanitizers in killing E.
coli OP50 and Salmonella Newport ingested by C. ele-
gans. Mean populations of E. coli OP50 and Salmonella
Newport recovered from untreated C. elegans and from
worms treated in distilled water (control), cleaners, or san-
itizers are shown in Table 2. With the exception of worms
that had fed on Salmonella Newport and were incubated at
33% relative humidity before treatment for 10 min, the ini-
tial number of E. coli OP50 and Salmonella Newport re-
covered from worms before incubation at 48C was not sig-
nificantly (P . 0.05) different from the number recovered
from worms treated with distilled water or peptone water
(treatment A). Neither bacterium would be expected to
grow at 48C or 33% relative humidity, so the increase in
the population of Salmonella Newport is considered an ab-
errant data point.

Significant increases (P # 0.05) in E. coli OP50 and
Salmonella Newport populations occurred in worms incu-
bated at 20 and 98% relative humidity, as evidenced by
numbers of both bacteria recovered from worms treated
with water or 0.1% peptone for 10 min. Bacteria present in
the gut of dead worms apparently utilized nutrients released
by the autolysis. This is supported by a study that showed
bacterial populations increasing in carcasses of C. elegans
incubated at 378C on nutrient-void Bacto agar (17). Deg-
radative enzyme activity would be higher at 208C than at
48C. Bacterial cells in worms incubated at 208C and 33%
relative humidity may have been stressed by a reduction in
water activity or are more sensitive to the degradative en-
zymes promoting autolysis, resulting in their death or in-
ability to grow. Incubation at 208C and 98% relative hu-
midity would not be expected to inhibit the growth of E.
coli OP50 or Salmonella Newport.

Overall, K Foam Lo (treatment B) was the least effec-
tive in killing E. coli OP50 and Salmonella Newport in C.
elegans. Up to a 1.12-log CFU per worm reduction in E.
coli OP50, compared to the initial population, was observed
in worms immersed in this cleaner. Treatment of worms that
had been held at 48C and 33% relative humidity for 10 min
or worms held at 48C and 98% relative humidity for 2 or
10 min with K Foam Lo caused significant reductions in
populations of E. coli OP50 compared to treatment with
distilled water or 0.1% peptone (treatment A). K Foam Lo
was ineffective in killing E. coli OP50 in worms that had
been held at 208C and 33 or 98% relative humidity. In a
study evaluating the lethality of seven commercially avail-
able alkaline cleaners in killing E. coli O157:H7, it was
demonstrated that K Foam Lo was the least effective (23).
Considering all combinations of incubation temperature,
relative humidity, and treatment time, except for worms in-
cubated at 48C and 33% relative humidity and treated for
2 min, mean populations of Salmonella Newport were sig-
nificantly reduced (P # 0.05) by up to 4.92 log CFU per
worm compared to mean populations detected in worms
treated with distilled water or peptone water.
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Treatments C (Enforce), D (Sanova), and F (2% lactic
acid) were the most effective among test cleaners and san-
itizers in eliminating test microorganisms ingested by C.
elegans. Enforce is a commercially available cleaner and
has the highest pH (12.3) of all products evaluated. Sanova,
an acidified sodium chlorite–based sanitizer with a pH of
2.4, had the same pH as 2% acetic acid (treatment E); how-
ever, Sanova was much more effective in killing ingested
bacterial cells. This indicates that factors other than pH play
a role in the lethality of cleaners and sanitizers to E. coli
OP50 and Salmonella Newport lodged in the gut of C. ele-
gans. C. elegans can survive in a pH range of 3.2 to 11.8
for at least 96 h (18).

Two organic acids (treatments E and F) were evaluated
in this study. Treatment with 2% acetic acid (treatment E)
reduced the number of Salmonella Newport to a level be-
low the detection limit (0.04 log CFU per worm) in one of
eight treatment combinations compared to seven of eight
treatment combinations for 2% lactic acid (treatment F).
This agrees with results reported by Caldwell et al. (7) in
which higher initial populations of ingested Salmonella
Poona were reduced by up to 1.61 log CFU per worm treat-
ed with 2% acetic acid compared to reductions of 5.32 log
CFU per worm when treated with 2% lactic acid. Other
studies have shown acetic acid to be more effective than
lactic acid in killing E. coli O157:H7 (13, 22) and Shigella
flexneri (25). At a working concentration of 2%, the pH of
lactic acid (2.0) is lower than that of acetic acid (2.4). The
lower pH may be partially responsible for the increased
effectiveness of lactic acid in killing E. coli OP50 and sal-
monellae in the gut of C. elegans.

Solutions of NaOCl containing free chlorine at 50 mg/
ml (treatment G) and 200 mg/ml (treatment H) were more
effective in reducing E. coli OP50 populations than Sal-
monella Newport populations. Compared to the number of
E. coli OP50 recovered from worms treated with water or
peptone, treatment with both concentrations of chlorine
caused significant (P # 0.05) reductions in counts, regard-
less of previous desiccation conditions or treatment time.
Populations were reduced to undetectable levels in worms
that had been subjected to five of eight temperature 3 rel-
ative humidity 3 treatment time combinations, regardless
of the concentration of chlorine in the treatment solution.
In contrast, Salmonella Newport was recovered from des-
iccated worms that had been exposed to all combinations
of incubation temperature and relative humidity after treat-
ment with 50 or 200 mg of chlorine per ml for 2 min. With
one exception (208C, 33% relative humidity), compared to
treatment with water or peptone for 10 min, significant re-
ductions in populations of Salmonella Newport were
achieved by treating worms with both concentrations of
chlorine for 10 min. In the presence of organic matter, the
efficacy of chlorine in killing bacteria is greatly diminished.
The treatment solutions in which desiccated worms were
immersed contain little or no organic matter other than that
in the worms and the bacteria within them. This study rep-
resents a best-case scenario in terms of testing the effec-
tiveness of chlorine in killing bacteria ingested by worms.
The ability of chlorine to kill ingested bacteria would be

further diminished if worms were in environments such as
produce-processing facilities or on the surface of produce,
because of the presence of large amounts of organic matter
in wash waters and in produce tissues. For disinfection of
produce using chlorine, contact times of no more than 1 to
2 min are commonly used (3). A chlorine concentration of
200 mg/ml is the upper limit used by the produce industry,
but most processors use substantially lower concentrations.
For chlorine to be effective at killing bacteria located in the
gut of C. elegans and perhaps other free-living nematodes,
the concentration of free chlorine in wash water would have
to be closely monitored, and contact times might have to
be increased. To be effective in eliminating bacteria from
the gut of C. elegans, treatments must penetrate the cuticle
of the worm or otherwise disrupt the integrity of the cuticle
and come into contact with the target cells. Enforce and
Sanova both contain bactericidal constituents that appar-
ently have a synergistic effect with pH. The cuticular per-
meability of desiccated C. elegans may increase as the pH
of the environment deviates from neutral, allowing bacte-
ricides in cleaners and sanitizers to penetrate the cuticle and
come in contact with ingested cells.

Effectiveness of cleaners and sanitizers in killing
planktonic E. coli OP50 and Salmonella Newport cells.
Mean populations of planktonic cells of E. coli OP50 and
Salmonella Newport that were recovered after treatment
with distilled water (control), 0.1% peptone, cleaners, and
sanitizers are shown in Table 3. Initial mean populations of
test microorganisms were not significantly (P . 0.05) in-
fluenced by treatment of cells that had been held at 4 or
208C for 24 h in distilled water or peptone (treatment A).

E. coli OP50 and Salmonella Newport were not de-
tected by direct plating or enrichment after treatment with
Sanova (treatment D), 50 mg of chlorine per ml (treatment
G), or 200 mg of chlorine per ml (treatment H). The two
cleaners, K Foam Lo (treatment B) and Enforce (treatment
C), were less effective in killing the two microorganisms.
Considering the incubation temperature preceding treatment
as well as the treatment time, K Foam Lo significantly (P
# 0.05) reduced populations of E. coli OP50 and Salmo-
nella Newport by up to 4.27 and 4.25 log CFU per worm,
respectively, compared to reductions caused by treating
cells with 0.1% peptone. While reductions were significant,
both test microorganisms were detected by direct plating.
In general, compared to reductions in populations caused
by K Foam Lo, significantly greater reductions of E. coli
OP50 were achieved by treating cells with Enforce.

Treatment with 2% lactic acid (treatment F) was sig-
nificantly (P # 0.05) more effective than treatment with
2% acetic acid (treatment E) in reducing populations of E.
coli OP50 and Salmonella Newport. Acetic acid was the
least effective chemical treatment evaluated in killing
planktonic cells of both test microorganisms.

Treatment with cleaners and sanitizers may be more
effective in killing or releasing ingested bacterial cells from
the gut of desiccated worms than from live worms. Place-
ment of desiccated worms in an environment with a higher
moisture content, relative to the worms, would result in
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absorption of water. Bactericidal compounds in the water
would come in contact with bacterial cells in the gut of the
worm. Worms not desiccated before exposure to cleaners
or sanitizers would absorb less water—and therefore, lesser
amounts of bactericidal constituents. During the process of
desiccation and rehydration, the cuticular structure of the
nematode may become compromised, thereby resulting in
increased exposure of the gut contents to cleaners and san-
itizers and a higher level of lethality compared to that
achieved by treating worms that are not desiccated.

In summary, none of the commercial cleaners and san-
itizers evaluated were effective in killing all cells of Sal-
monella Newport ingested by C. elegans using all test con-
ditions. The use of cleaners and sanitizers in combination
with other treatments to kill bacteria ingested by nematodes
is an important step in reducing pathogens on produce con-
tact surfaces and on raw or minimally processed fruits and
vegetables destined for the retail market.
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